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Arabidopsismessenger in many adaptation and developmental processes. Cellular calcium
signals are detected and transmitted by sensor molecules such as calcium-binding proteins. In plants, the
calcineurin B-like protein (CBL) family represents a unique group of calcium sensors and plays a key role in
decoding calcium transients by speciﬁcally interacting with and regulating a family of protein kinases
(CIPKs). Several CBL proteins appear to be targeted to the plasma membrane by means of dual lipid
modiﬁcation by myristoylation and S-acylation. In addition, CBL/CIPK complexes have been identiﬁed in
other cellular localizations, suggesting that this network may confer spatial speciﬁcity in Ca2+ signaling.
Molecular genetics analyses of loss-of function mutants have implicated several CBL proteins and CIPKs as
important components of abiotic stress responses, hormone reactions and ion transport processes. The
occurrence of CBL and CIPK proteins appears not to be restricted to the plant kingdom raising the question
about the function of these Ca2+ decoding components in non-plant species.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Almost every biological process in eukaryotic organisms is
controlled by Ca2+ [1]. In plants Ca2+ regulates important develop-
mental processes from polar pollen tube growth before fertilization to
programmed cell death [2]. Among them, root hair elongation and
nodulation responses to symbionts are accompanied by distinct
spatio-temporal changes in cytosolic Ca2+ concentration [3,4]. More-
over, physiological responses to abiotic stresses, light, pathogens and
hormones, such as abscisic acid (ABA) have been shown to modulate
the intracellular Ca2+ concentration in different cell types, including
guard cells [5,6]. However, despite the central importance of Ca2+ for
most signaling and regulatory processes in plants, the molecular
mechanisms leading to the generation of Ca2+ signals and the
subsequent decoding of this information are largely unknown. The
evolution of calcium signals, from simple single release events to
timely and spatially regulated puffs, sparks and waves, coincided with
the evolution of an assortment of calcium binding proteins for
decoding these signals. An enormous and diverse range of target
proteins that belong to different protein classes like transporters, cell
structure proteins, metabolic enzymes, signalling proteins and
transcription factors are regulated by calcium binding proteins [7].
Consequently, the interplay of calcium release and calcium sensing
generates the uniqueness and versatility of calcium signaling.
Small calcium binding proteins, typically consisting of four calcium
binding EF hand domains, are the most prominent type of calcium
binding proteins. The prototype of these calcium binding proteins is+49 251 8323311.
ll rights reserved.provided by the calcium sensor calmodulin [8,9]. Similar calcium
binding proteins already exist in prokaryotic organisms where they
function mostly as calcium buffer proteins [10–12]. The evolution of
calcium binding proteins resulted in the formation of different protein
classes, like classical calmodulins (CaM), CaM-related/like proteins
(CMLs), calcineurin-B (CNB) and CNB homologous proteins (CHPs),
neuronal calcium sensors (NCS) and others [13–15]. While plants
appear to lack the CNB and NCS protein classes, or important relay
proteins like CaM regulated kinases (CaMKs), they evolved special
types of calcium binding proteins, like Calcium-dependent protein
kinases (CDPKs) [16] and calcineurin-B like (CBL) proteins [17]. CBL
proteins are most related to CNB and NCS proteins from animal and
fungal organisms. This review focuses on the structural and functional
properties of the plant CBL proteins and their CBL-interacting protein
kinases (CIPKs). We discuss emerging mechanistic principles that
contribute to generating signaling speciﬁcity within this signaling
system and discuss novel insights into the evolution of the CBL/CIPK
network.
2. Organization of the CBL–CIPK network
CBL proteins have been initially identiﬁed from Arabidopsis
thaliana [18]. Subsequent genomics analyses revealed that the Arabi-
dopsis and rice genomes each encode a complement of 10 distinct CBL
proteins that form an interaction network with 25 (Arabidopsis) or 30
(rice) CIPKs, respectively [19]. All CBL proteins share a rather
conserved core region consisting of four EF hand calcium binding
domains that are separated by spacing regions encompassing an
absolutely conserved number of amino acids in all CBL Proteins (Fig.1)
[17]. However, CBL proteins can be further classiﬁed into two major
Fig. 1. General domain structure of CBLs and CIPKs. The overall structure of CBLs consists of four EF-hands (dark grey boxes with numbers). Spacing of EF-hands in all CBLs is
invariable, while the N- and C-terminal extensions vary in length. In CBLs, the ﬁrst EF hand has a unconventional structure, encompassing 14 amino acids instead of 12 in a canonical
EF hand (light grey box). The overall structure of CIPKs consists of an N-terminal kinase domain, which harbors the activation loop. The regulatory C-terminal domain is partitioned
into the two interaction domains, the NAF domain, which is responsible for CBL–CIPK interaction, and the adjacent PPI domain. Between the two domains the “junction domain” is
further responsible for activation of the kinases.
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consists of CBL1, CBL4, CBL5, CBL8 and CBL9. These proteins harbor a
rather short (43- to 48 aa) N-terminal domain with a lipid
modiﬁcation site that appears to have been degenerated in CBL8.
Indeed, CBL1, CBL4, CBL5 and CBL9 are myristoylated at their N-
terminus like CNB andmany NCS proteins [20,21]. The second group is
formed by the proteins CBL2, CBL3, CBL6, CBL7 and CBL10. These
proteins harbor an extended N-terminal domain that is similar to the
K+-channel interacting proteins (KChIP) from the NCS group and does
not contain discernable lipid modiﬁcation motifs. In this group CBL10
is special in that it harbors a very long N-terminal extension forming a
potential single transmembrane domain important for localization of
CBL10 [22] (Batistic et al., submitted).
In contrast to CNB from animals and fungi, CBLs do not interact
with a PP2B-type phosphatase that appears to be absent in plants.
Instead, CBL proteins interact with a group of serine–threonine
protein kinases that evolutionary belong to the superfamily of CaM-
dependent kinases (CaMKs), and form a phylogenetically separate
cluster within the group of SNF1 related kinases. Therefore, this group
has also been designated as Snf1 related kinase group 3 (SnRK3; [23]).
Earlier studies revealed that Arabidopsis contains 25 kinases [19]. Our
recent re-evaluation of the Arabidopsis genome identiﬁed one
additional SnRK3-type kinase encoding CIPK26 (At5g21326; Weinl S
and Kudla J, unpublished). As in other kinases of the CaMK group, the
kinase domain in CIPKs is separated by a junction domain from the
less-conserved C-terminal regulatory domain (Fig. 1). Within the
regulatory region of CIPKs a conserved NAF domain (designated
according to the prominent amino acids N, A and F) mediates binding
of CBL proteins and simultaneously functions as an auto-inhibitory
domain [24]. Binding of CBLs to the NAF motif removes the
autoinhibitory domain from the kinase domain, thereby conferring
autophosphorylation and activation of the kinase [25]. Additional
phosphorylation of the activation loop within the kinase domain by a
yet unknown kinase further contributes to the activation of CIPKs [26].
Kinases related to CIPKs, like the AMP-activated protein kinase
(AMPK), are dephosphorylated by type 2C protein phosphatases
(PP2C) [27,28]. Interestingly, also CIPKs can associate with PP2Cs like
ABI1 and ABI2 via a C-terminal protein-phosphatase interaction (PPI)
domain [29]. Currently it is not known if PP2Cs may dephosphorylate
CIPKs or if phosphorylation of PP2Cs by CIPKs occurs in vivo.
Alternatively, generation of CIPK/PP2C complexes could serve the
formation of signaling kinase/phosphatase modules allowing for
rapid alternating phosphorylation/dephosphorylation of target pro-
teins. In this regard, crystallization studies of CBL4 in complex with
the regulatory domain of CIPK24 suggest that either CBLs or PP2Cs
may mutually exclusive interact with the regulatory domain of CIPKs,
and that formation of a trimeric complex is unlikely [30]. Therefore, it
is tempting to speculate that PP2C interaction with the PPI domain ofCIPKs leads to competitive replacing of the CBL protein, which binds to
the NAF and partly to the PPI domain. Dissociation of the CBL protein
would release the otherwise masked auto-inhibitory domain of the
CIPK resulting in inactivation of the kinase. Alternative Ca2+-
dependent (see below) binding of CBL proteins to the CIPK would
favor phosphorylation of a given substrate by out-competing the PP2C
from the complex. However, as the target docking domains are still
unknown for CIPKs and PP2Cs such models can currently not consider
the inﬂuence of substrate binding.
Interestingly, the PPI domain was shown to be structurally related
to the kinase associated domain1 (KA1) of the kinase KIN2/PAR-1/
MARK subfamily [30–32]. Moreover, SnRK1, the SNF1 homologue in
plants also contains such a structural domain [32]. Although the
function of this domain is not known, this ﬁnding may point to a
mechanism of protein regulation that is conserved from animal to
plants [30,32].
3. Evolution and expansion of the CBL–CIPK network
Extensive CBL and CIPK gene families have been identiﬁed in the
genomes of all higher plants that have been completely sequenced
[19,33]. Rice, Arabidopsis and Populus trichocarpa each encode 10
CBL calcium sensors and a complement of 26 to 30 CIPKs. In lower
plants, like the moss Physcomitrella patens, that encodes 4 CBLs and
7 CIPKs this signaling network appears to be less elaborate (Batistic
et al., submitted). Remarkably, the green algae like Ostreococcus
tauri and the related species O. lucimarinus encode only a single
CBL protein and single CIPK (Batistic et al., submitted) (Fig. 2A).
This observation suggests that the complexity of the CBL/CIPK
system concurrently evolved with the increasing morphological and
developmental sophistication of land plants that enabled the
colonization of ecological diverse and environmental ﬂuctuating
habitats.
Surprisingly, our inspection of the recently sequenced genomes of
several protozoan eukaryotes identiﬁed genes that potentially encode
functional CBL and CIPK proteins. In the genomes of Naegleria gruberi
and the related speciesN. fowleri, but also in the genome of the human
parasite Trichomonas vaginalis we detected singular genes encoding
calcium binding proteins that are unlikely to represent CNB proteins
(Fig. 2A). In T. vaginalis, we found overall four calcium binding
proteins, while in N. gruberi and N. fowleri we identiﬁed one CBL
protein. The presence of several proteins in T. vaginalis most likely
results from the extensive duplication events shaping this genome
[34]. In phylogenetic analysis using the Clustal X algorithm this
proteins cluster with the plant CBL proteins and display amore distant
relation to animal and yeast CNB and NCS-related proteins. Impor-
tantly, the ﬁrst EF of these calcium binding proteins clearly resembles
the EF hand structure of the respective calcium-binding domain from
Fig. 2. A) Phylogenetic relationships of Arabidopsis CBLs with related calcium-binding proteins. Alignment of full-length protein sequences and phylogenetic analyses were performed
as described in [19]. The accession numbers are:Arabidopsis CaM1 (AtCaM1, accession no. NP_198594), human CaM1 (HsCaM1, accession no. AAA51918), yeast CNB (ScCNB, accession
no. P25296), human CNB (HsCNB, accession no. AAB08721), human NCS 1 (HsNCS1, accession no. NP_NP055101), human Recoverin (HsRecoverin, accession no. BAA19460), human
VILIP-1 (HsVILIP-1, accession no. BAA86891), human KChIP1 (HsKChIP1, accession no. AAH50375), human GCAP-1 (HsGCAP-1, accession no. AAA60541), T. vaginalis CBL1 (TvCBL1,
accession no. XP_001320932), N. gruberi CBL1 (NgCBL1, accession no. AAF78251), O. lucimarinus CBL1 (OlCBL1, accession no. XP_001421712), O. tauri CBL1 (OtCBL1, accession no.
CAL58089), P. patens CBLs (PpCBL1, accession no. EDQ77528; PpCBL2, accession no. EDQ71345; PpCBL3, accession no. EDQ66285; PpCBL4 , accession no. EDQ82786) and Arabidopsis
CBLs (AtCBL1, accession no. AAC26008; AtCBL2, accession no. AAC26009; AtCBL4, accession no. AAG28402; AtCBL10, accession no. AAO72364). B) Phylogenetic relationships of
Arabidopsis CIPKs with related kinases of the CaMK super-family. Alignment of full-length protein sequences and phylogenetic analyses were performed as described in [19]. The
accession numbers are: human CaMKII (HsCaMKII, accession no. Q9UQM7), yeast SNF1 (ScSNF1, accession no. A26030), human AMPK (HsAMPK, accession no. AAA64745), T. vaginalis
CIPK (TvCIPK, accession no. XP_001309947), N. gruberi CIPK (NgCIPK, JGI accession jgi|Naegr1|80321), O. lucimarinus CIPK (OlCIPK, accession no. XP_001420913), O. tauri CIPK
(OtCIPK, accession no. CAL56411), Arabidopsis CIPKs (AtCIPK1, accession no. AAG28776; AtCIPK3, accession no. AAF86507; AtCIPK07, accession no. AAK16682; AtCIPK08, accession no.
AAK16683; AtCIPK11. accession no. AAK16686; AtCIPK15, accession no. AAK16692; AtCIPK18, accession no. AAK59695; AtCIPK25, accession no. AAL41008).
987O. Batistič, J. Kudla / Biochimica et Biophysica Acta 1793 (2009) 985–992CBL proteins, that consists of 14 amino acids instead of 12 amino acids
typical for canonical EF hands (Fig. 3B).
The existence of a functional CBL/CIPK system in Naegleria and
Trichomonas would presuppose the presence of kinases that are
related to CIPKs. Indeed, our inspection of the genomes of both Nae-
gleria species as well as of the genome of T. vaginalis speciﬁcally
identiﬁed one kinase in each genome that represented candidateCIPKs. Phylogenetic analysis revealed that these kinases indeed cluster
within the group of CIPKs and this associationwas clearly distinguish-
able from their relation to SNF1 kinases and AMPK (Fig. 2B). Moreover,
comparison of their regulatory domains revealed the presence of a
conserved NAF domain that is a distinguishing feature of CIPK-type
protein kinases. Although it remains to be investigated if these protist
CBL and CIPK proteins interact with each other the simultaneous
Fig. 3. A) Schematic depiction of the unconventional ﬁrst EF hand in CBLs. The
unconventional EF hand is extended to 14 amino acids in contrast to 12 amino acids in
the conventional EF hand. B) Comparison of the ﬁrst EF hands of yeast CNB, Arabi-
dopsis CBL1, and the CBL proteins from Ostreococcus lucimarinus, Naegleria gruberi and
Trichomonas vaginalis.
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CBL/CIPK based Ca2+ decoding system in these protozoan species.
These ﬁndings extend the function of the CBL/CIPK system beyond the
plant kingdom and may in the future enable a further investigation
about the descensus and evolution of these calcium sensors and their
interacting protein kinases. Moreover, the simultaneous presence of
both protein classes in all these genomes makes a horizontal gene
transfer as the cause of their presence in all these genomes rather
unlikely. This raises further questions about the evolutionary
positioning of these basal eukaryotes. As more genome sequences
become available it will be most interesting to search additional
genomes of primitive eukaryotic species for the presence of this
calcium decoding system.
4. Structure features and calcium binding properties of
CBL proteins
As typical for CNB and NCS proteins, CBL proteins contain four EF
hands. However, only a few members of this family contain several
canonical EF hands. Two canonical EF hands are present in CBL1 and
CBL9, while CBL6, CBL7 and CBL10 harbor only one canonical EF
hand. The remaining proteins CBL2, CBL3, CBL4, CBL5 and CBL8 from
Arabidopsis do not possess any canonical EF hand. Moreover, several
CBL proteins contain EF hands with amino acids substitutions at the
important −Z coordinate that generally impair calcium ion binding
[17,19]. In addition, a deletion within the ﬁrst EF hand of CBL6 most
likely abolishes Ca2+ binding to this domain [19,35]. These
differences in number and arrangement of canonical to non-
canonical EF hands in each speciﬁc CBL protein suggest that CBL
proteins may exhibit distinct afﬁnities to calcium that would allow
for differential activation of CBL–CIPK complexes depending on the
respective Ca2+ concentration imposed by a speciﬁc stimulus.
However, experimental investigations of the Ca2+ binding afﬁnities
and kinetics of plant CBL proteins and especially comparative side-
by-side analyses of different proteins still have to be performed.
Nevertheless, several structural analyses of CBL proteins already
revealed some insights into the structural properties and calcium
binding mechanism of these calcium sensors. Determination of thecrystal structure of CBL2 and of CBL4/SOS3 revealed that both CBL
proteins form globular protein structures like previously observed for
NCS proteins [35,36]. In NCS-1 the four EF hands are arranged in two
pairs positioned in a tandem linear array on one side of the molecule.
Moreover, Frequenin/NCS-1 possess a wide hydrophobic crevice at
their surface situated between the two EF-hand containing lobes, as
well as solvent exposed N and C termini [37]. Interestingly, this
structural feature is shared by the CBL proteins [35,36] and most
hydrophobic residues forming the hydrophobic crevice inNCSproteins
are conserved or exchanged by other hydrophobic residues in CBLs (10
of 12 residues). In the non-CIPK bound form, the C-terminal tail of the
CBL proteins normally binds to and blocks the hydrophobic crevice
thereby preventing non-speciﬁc protein interactions.
Upon interaction with a CIPK this block is released and exchanged
by the hydrophobic α-helix of the NAF domain [32]. This basically
hydrophobic interaction is further stabilized by several hydrogen
bonds. Remarkably, a similar mechanism mediates interaction
between PI4Kβ and NCS-1/Frequenin proteins [37], and yeast two
hybrid analyses suggest that plant CBL1 also can interact with the
Arabidopsis PI4Kβ01 protein [38]. Like Frequenin and NCS-1, the
CBL1 protein does not exhibit a calcium-myristoyl switch mechanism,
that has been described for Recoverin and Hippocalcin [21,39,40].
The crystal structure analyses also revealed that CBL proteins
contain an un-common calcium binding loop in the ﬁrst EF hand [35].
Based on the structure of a canonical EF hand, the ﬁrst EF hand in all
CBL proteins should be not able to bind calcium. However, the ﬁrst EF
hand binds calcium. This is accomplished by the restructuring of the
binding loop,whichdoes not consist of 12 amino acids but instead of 14
amino acids. In this un-common extended EF hand, calcium is
coordinated by the side chain carboxylates of aspartate (64) and
glutamate (71) at the positions Z and−Z, respectively. Coordinates X
(serine 58), Y (isoleucine 62) and−Y (leucine 66) bind the calciumvia
the main chain carbonyl and −X via a water molecule
(X1⁎2⁎3⁎4Y5⁎6Z7⁎8−Y9⁎10−X11⁎12⁎13−Z14) (Fig. 3A) [35]. Calcium
binding could be further promoted by binding of the respective CIPK.
In its non-CIPK-interacting form CBL2 was shown to bind only two
calcium ions via the un-common ﬁrst and last EF hand, respectively. EF
hands two and three, which are not canonical because of lysine
residues at the coordinate Y, do not bind calcium ions [35]. In contrast,
in complex with CIPK14, all four EF hands of CBL2 are occupied by
calcium ions [32]. Although binding of the regulatory domain of
CIPK14 imposes a large structural change in the EF hands 2 and 3, it is
unclear if this change is responsible for calcium binding to EF hands 2
and 3 [32]. This observation may suggest that complex formation or
activation of CIPKs by CBL proteins may either occur at rather low
calcium concentrations or that this interaction may be maintained
during declining calcium levels to further promote signaling.
In contrast to CBL2, CBL4was found to bind four calcium ions in the
CIPK-unbound state [36]. In complex with CIPK24, CBL4 binds only
two calcium ions to the EF hands 1 and 4 [30]. This is in contrast to
CBL2–CIPK14, and resembles the situation of unbound CBL2, where EF
hands 1 and 4 are occupied by calcium ions. However, when
interpreting these results it needs to be considered that these studies
were performedwith a CBL4 that was puriﬁed from Escherichia coli. As
CBL4 represents a myristoylated protein [20], a modiﬁcation that does
not occur in E. coli, and because lipid groups can introduce
cooperativity into a calcium binding protein, it remains possible that
the lipid-modiﬁed CBL4 in complex with a kinase exhibits different
features of calcium binding.
5. Localization of CBL proteins and CIPKs
Spatial speciﬁcity is an important aspect of cellular information
processing. Localization studies of Arabidopsis CBL proteins revealed
that most of these proteins are localized either to the plasma
membrane or vacuolar membrane [21,22,41,42] (Batistic et al.,
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to the two main calcium storage compartments of the plant cell
(extracellular apoplast, and intracellular vacuole), CBL–CIPK com-
plexes could function as fast responders to local calcium release
events at these different membranes.
The distinct cellular distribution is also reﬂected by the phyloge-
netic separation of the CBL proteins into two groups (see above).
While CBL2 and CBL10 (group two) are localized to the vacuolar
membrane, CBL1 and CBL9 (group one) are localized to the plasma
membrane [21,22,41]. In the latter case, lipid modiﬁcations were
implicated as important structural modiﬁcations essential for plasma
membrane binding [17]. It has been experimentally conﬁrmed that
CBL1, CBL4, CBL5 and CBL9 are N-myristoylated proteins [21].
Moreover, CBL1 was further shown to be S-acylated by either
palmitate or stearate at the cysteine residue at position three. This
modiﬁcation is also implicated to affect CBL4, 5 and CBL9, since all
these proteins harbor a similar N-terminal domain with a conserved
cysteine residue [19]. CBL1 is besides CaBP from Trypanosoma cruzi
[43] the only myristoylated–palmitoylated calcium binding protein of
the NCS/CNB type. Both lipid modiﬁcations are important for in planta
function of CBL1, because expression of mutant cDNAs that cannot
undergo lipid modiﬁcation did not restore salt tolerance of a cbl1
mutant [21]. Sub-cellular localization GFP fusion proteins of G2A
mutant and C3Smutant versions of CBL1 implicate thatmyristoylation
of CBL1 occurs in the cytosol or at the rough ER. The myristoyl group
allows targeting of CBL1 to the ER, where the protein most likely
becomes modiﬁed by an ER bound palmitoyltransferase. After the
second lipid group is added to the protein, CBL1 is further transported
to the plasma membrane. Interestingly, this transport to the plasma
membrane is appears not to be affected by Brefeldin A, an inhibitor of
vesicle trafﬁcking in eukaryotic cells. Moreover plasma membrane
targeting of CBL1 does not involve COPII vesicles [21], as revealed by
experiments using a dominant-negative protein form of Sar1, a G-
protein regulating the assembly of the COPII vesicles at the ER [44,45].
This is in contrast to the NCS protein KChIP1. This protein, which is
important for trafﬁcking of the Kv4.2 channels, is transported from the
ER to the Golgi independently of COPII vesicles. However, further
transport to the plasma membrane of the KChIPI–Kv4.2 complex then
depends on the Golgi function [46].
CIPKs do not possess recognizable localization signals. Most CIPKs
whenexpressed asGFP fusion exhibit a cytoplasmic andnucleoplasmic
localization (Batistic et al., in preparation). However CBL–CIPK
interaction analyses using Bimolecular ﬂuorescence complementation
(BiFC) show that CIPKs are targeted to different membranous
compartments of the cell by their respective interacting CBL proteins.
For example, CIPK1 is targeted to the plasma membrane by CBL1 or
CBL9 [41]. BiFC analyses of CIPK1 with CBL1 mutant versions that
cannot undergo myristoylation or palmitoylation revealed that
interaction of CBL1 and CIPK1 occurs independently of the lipid
modiﬁcation of the calcium sensor, but that the localization of the
CBL1/CIPK1 complex still depends on the lipid modiﬁcation status of
CBL1 [21].
Yeast two hybrid investigations have suggested that each CBL protein
can interact with a deﬁned subset of the 25 CIPKs from Arabidopsis and
conversely that each CIPK can interact with several CBL proteins [24].
Considering the spatial distinct localization of the CBL proteins this could
lead to alternative complex formation of a given CIPK with certain CBL
proteins in one compartment or at different membranes of the cell.
Indeed, BiFC analyses established that, for example the kinase CIPK1 is
targeted to the plasmamembrane upon interactionwith CBL1, while this
kinase forms complexes with the calcium sensor CBL2 at the vacuolar
membrane [21]. Most importantly, the development of multicolor BiFC
analyses for plant cells allowed to conﬁrm that the formation of these
complexes can occur simultaneously within one and the same cell [47].
Simultaneous complex formation within one cell was recently unam-
biguously established for CBL1–CIPK1 and CBL9–CIPK1 at the plasmamembrane, and for CBL1–CIPK24 and CBL10–CIPK24 at the plasma
membraneandthevacuolarmembrane, respectively [47]. These analyses
clearly indicated that the CBL–CIPK system can indeed exist as a complex
network within the cell that can simultaneously decode calcium signals
in different compartments and thereby contributes to spatial speciﬁcity
in calcium signaling. In this network, distinct CBL proteins form the
docking station for CIPKs at the different membranous compartments,
and CIPKs aremobile signal-relay proteins interactingwith different CBL
proteins. This differential interaction of CIPKs with CBL proteins at the
same or different compartments within a single cell may be critical for
the differential regulation of various targets by one and the same kinase.
6. Function of CBL–CIPK complexes
A current bottleneck in our understanding of the function of the
CBL/CIPK system is still the lack of identiﬁed target proteins. Although
it is reasonable to assume that several hundred cellular proteins will
be phosphorylated by the plethora of distinct CBL/CIPK complexes,
only very few targets have been unambiguously identiﬁed. Never-
theless, it is an emerging view that CBL–CIPK complexes are critical for
regulation of membrane channels and transporters [48]. The founding
example for the CBL/CIPK/substrate paradigm is the SOS (“salt overly
sensitive”) pathway. These mutants were identiﬁed in a forward
screen of Arabidopsis plants which were sensitive to high salt
conditions [49]. Therefore, the identiﬁed mutants were named “salt
overly sensitive” 3 (SOS3), SOS2 and SOS1, respectively. Cloning of the
genes underlying these phenotypes revealed that SOS3 encodes a CBL-
type calcium sensor (CBL4) and that SOS2 represents a member of the
CIPK family (CIPK24). The calcium sensor CBL4 (SOS3) targets its
interacting kinase CIPK24 (SOS2) to the plasma membrane where this
calcium sensor/protein kinase complex activates the H+/Na+
exchanger SOS1 leading to extrusion of toxic sodium ions from the
cell [50–52]. The activation of SOS1 ensures low sodium concentra-
tions in the cytosol and survival of the plant organism.
An additional CBL/CIPK regulatory system was recently identiﬁed
in a break through study by the group of Wei-Hua Wu [53]. In a
genetic screen, a mutant sensitive to low potassium conditions was
isolated and designated as Lks1. Cloning of the gene identiﬁed Lks1 to
encode CIPK23, a component of the CBL–CIPK system. Subsequent
analysis revealed that this protein is targeted to the plasmamembrane
and activated by two highly related calcium sensors, CBL1 and CBL9
[42,53]. These complexes then regulate the activity of the shaker-like
potassium channel AKT1. Interestingly, in animals the regulation of
shaker channels is mediated by KChIPs, which directly regulate the
activity of the channels [54]. It appears that plants lacking functional
KChIPs have evolved a K+ channel regulatory system relying on the
related CBL proteins, in complex with CIPKs. In addition, recent
reports have identiﬁed novel potential target proteins of CBL/CIPK
complexes, like the vacuolar proton/calcium antiporter 1 (CAX1) [55]
and a plasma membrane H+-ATPase AHA1 [56].
7. Mechanisms generating target speciﬁcity in the CBL–CIPK
signaling network
Every calcium signaling network has to cope with the same
problem: the generation of speciﬁcity in signal to response coupling in
a situation of multiple simultaneously incoming signals that all
generate calcium transients. Besides warranting signaling speciﬁcity a
calcium decoding system still has to enable an integrated organismal
response that ensures plant development and reproduction.
7.1. Differential calcium response, expression and localization of CBLs
and CIPKs
The multiplicity of CBL proteins and CIPKs allows for several
mechanisms generating speciﬁcity in plant calcium signaling. In this
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combination of distinct CBLs with speciﬁc CIPKs represent two levels
on which speciﬁcity can originate. CBL proteins could respond to
different calcium signals due to their different afﬁnities to calcium.
Although this is suggested by the occurrence of EF handswith different
sequences in each CBL protein this facet of calcium signaling still
requires experimental investigation. Another aspect contributing to
generating speciﬁcity in calcium decoding is the differential expres-
sion of CBLs and CIPKs in different plant tissues and their different
transcriptional regulation in response to signals like for example to
hormones, salt or cold [17]. The alternative complex formation of
CIPK24 with either CBL4 or CBL10 provides an intriguing example of
speciﬁcity generation that combines the aspects of tissue speciﬁc
expression with the spatial separation of calcium decoding processes.
CIPK24 is expressed in every tissue of the plant cell, and an important
regulator of salt signaling in roots and leaves [57]. In contrast, the
calcium sensors that interact and regulate CIPK24 activity are
differentially expressed. CBL4 is mainly expressed in the root, while
CBL10 is mainly expressed in leaves [22]. CBL4/CIPK24 assemble at the
plasma membrane where this complex regulates the SOS1 Na+/H+
exchanger during high salt conditions to extrude toxic sodium out of
the cell to the apoplast of the root [51]. In leaves, CIPK24 interacts with
CBL10 at the vacuolar membrane leading to intracellular sodium
sequestration into the vacuole [22]. Thereby, interactionwith different
CBL proteins creates a dual functioning kinase that differentially
regulates ion homeostasis in different tissues of the plant and in
compartments of the cell (Fig. 4) [22].
7.2. Differential interaction and activation of CBL–CIPK complexes
Another speciﬁcity mechanism that relies on the combination of
calcium sensor and kinases is the differential interaction between
CBLs and CIPKs. Yeast two-hybrid analyses revealed that at least in
yeast CBLs interact with not each CIPKs, and vice versa [24]. These
observations have been conﬁrmed by in planta interaction analyses
(Batistic et al., submitted). These ﬁndings suggest differential
interaction afﬁnity and consequently preferential complex formation
of deﬁned CBLs with speciﬁc CIPKs as one of the mechanisms
generating spatial and temporal speciﬁcity in plant calcium signaling.
This differential interaction afﬁnity of CBLs to CIPKs appears to
result from the interplay of different factors. Biochemical studies usingFig. 4. Model of CBL/CIPK function in salt stress responses. Alternative complex
formation of CIPK24 with either CBL1/CBL4 or CBL10 creates a dual functioning kinase.
While CBL4–CIPK24 regulate Na+-extrusion via the Na+/H+ exchanger SOS1 at the
plasma membrane of roots, CBL10–CIPK24 complexes are localized at the vacuole in
shoots where they potentially regulate Na+ sequestration into this organelle.full-length CIPK24, and crystal studies of CBL4 and the regulatory
domain of CIPK24 revealed that this complex is formed in a calcium
independent manner [30]. However, activation of CIPK24 only occurs
in presence of calcium [20,50]. A similar complex formation has been
described for CBL2 and the regulatory domain of CIPK14 [32]. Again,
here the interaction occurs calcium independent, even if EF hand
domains of CBL2 are impaired in calcium binding by mutations. In
contrast to this type of interaction, in vitro interaction analysis of CBL1
and CIPK1 indicated that this complex is only formed in presence of
calcium [58]. This conclusion is further supported by the fact that CBL1
is not able to interact with CIPK1 when all EF hands are disabled by
mutations (Batistic and Kudla, unpublished). Interestingly, using only
the regulatory domain of CIPK1 in in vitro pull down assays, calcium
independent interaction was observed, similar to the observed
interaction between CBL2 and CIPK14 [32,58]. Therefore, it is
important to clarify the art of interaction between CBL2 and full-
length CIPK14.
These ﬁndings indicate that the kinase domain seems to have a
important role in stabilizing and deﬁning interaction speciﬁcity. In
fact, in earlier studies using two hybrid analysis, it was shown that
CBL4 also interacts with the regulatory domains of CIPK5 and CIPK6
[59]. Using full-length protein kinases, only CIPK6 was still able to
bind to CBL4. To further clarify the role of the kinase domain in the
interaction mechanism, a chimeric protein was constructed using the
regulatory domain of CIPK6 and the kinase domain of CIPK5. This
chimeric CIPK5/6 was also not able to interact with CBL4, implicating
a negative inﬂuence of the CIPK5 kinase domain to the interaction
[59]. This observations may point to intramolecular interactions of the
different kinase domains that may contribute to speciﬁcity in CBL
interaction.
7.3. Differential target activation by speciﬁc CBL–CIPK complexes
An intriguing aspect of speciﬁcity generation is that only speciﬁc
CBL–CIPK complexes regulate the activity of targets. This was nicely
exempliﬁed in complementation studies of the salt sensitive cbl1
mutant line. In these experiments only a CBL1 wild type cDNA could
restore salt tolerance. In contrast, a fusion protein of the 12 N-terminal
amino acids of CBL1 with CBL2 (CBL1nCBL2) did not restore salt
tolerance [21]. This observation is signiﬁcant, because in yeast two-
hybrid and in in planta BiFC analyses, both CBL1 and CBL2 interact with
CIPK24/SOS2, the CBL-interacting protein kinase mediating salt
tolerance in Arabidopsis [19,60]. Replacement of the N terminus of
CBL2 with the N terminus of CBL1 redirects the localization of the
resulting fusion protein to the plasma membrane, where CBL1 usually
exerts its function. The failure of this fusion protein to functionally
compensate for the loss of CBL1 function, therefore, suggests that, in
addition to subcellular localization and speciﬁcity in CIPK interaction,
factors that are inherent to the particular version of the CBL protein
determine the functional speciﬁcity of the resulting CBL/CIPK complex
toward its substrate(s). Such a functional speciﬁcity determinant may
lie in the differences in the EF hand composition of CBL1 and CBL2,
which could lead to distinct Ca2+ binding abilities [17].
Another example for CBL-dependent target speciﬁcity of CBL/CIPK
complexes is provided by studies of CIPK1 that revealed that this
kinase is differentially regulated by two highly related CBL proteins
[41]. While interaction of CBL1 with CIPK1 is important for regulating
downstream processes during salt stress, complex formation of CBL9
with CIPK1 mediates the response to the stress-hormone ABA [41,61].
These results suggest that the calcium sensor moiety of the CBL/CIPK
complex is crucial for determining the activity towards deﬁned
phosphorylation targets. This conclusion is further corroborated by
the ﬁnding that only CBL1 and CBL9 activate CIPK23 to phosphorylate
AKT1 [53]). Remarkably, CIPK23 also interacts with CBL5 and CBL8,
but these sensors are not able to achieve the activity towards the
target AKT1 [53]. This implicates that interaction of CIPKs with the
991O. Batistič, J. Kudla / Biochimica et Biophysica Acta 1793 (2009) 985–992CBLs modulates the target speciﬁcity of CIPKs. It will be very
interesting and important to elucidate the mechanisms responsible
for this remarkable speciﬁcity.
8. Conclusions
In plants, environmental cues like high salt, cold, low nutrition,
and phytohormones involve calcium as an important signaling
intermediate [4]. Genetic studies of CBL and CIPK mutants clearly
revealed that these proteins are important regulators of plant stress
response reactions [17]. Recent studies established that CBL/CIPK
complexes regulate downstream targets like ion channels and
transporters, and thereby ensure plant survival under unfavorable
conditions. The speciﬁc regulation of target proteins is achieved by a
complex interplay of mechanisms generating spatial and temporal
speciﬁcity in the CBL/CIPK signaling network. The potential of
generating speciﬁcity in this system is exempliﬁed by the two highly
related proteins CBL1 and CBL9 that share 90% identical amino acids,
but reveal distinct functions when the phenotypes of single knock-
out mutants were analyzed. The most striking difference between
the two mutants is the response to the phytohormone ABA. While
CBL1 mediates signals in response to salt and drought independently
of the stress-hormone ABA, CBL9 represents a critical component
regulating ABA synthesis and responses [60,61]. Evidently, subtle
differences between these two calcium sensor proteins are respon-
sible for this striking functional difference. Interestingly, while both
proteins function differently in ABA responses, both proteins
function synergistically in activating the kinase CIPK23 to regulate
of the shaker-like channel AKT1. These striking differences in the
function of structurally closely related CBL protein may point to
additional levels of functional regulation by protein modiﬁcations
like phosphorylation and sumoylation that need to be addressed in
the future.
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